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Summary 


Symbols 


— $A  hover  test  was  conducted  on  a  small-scale  rotor  ' 

model  for  three  sets  of  tapered  rotor  blades  and  a  01 

baselHe  rectarvdar-planform  rotor  blade.  All  con-  s^s  em 
figurations  had  the  same  airfoils,  twist,  and  thrust-  Cq 
weighted  solidity.  The  tapered-blade  planforms  had 
taper  initiating  at  50,  75,  and  94  percent  of  the  blade 
radius  with  a  taper  ratio  of  3  to  1  for  each  blade 
set.  The  experiment  was  conducted  for  a  range  of  D 
thrust  coefficients,  and  the  data  were  compared  with 
the  predictions  of  three  hover  analytical  methods.  FM 

The  data  show  that  the  94-percent  tapered  blade  was  ^ 

slightly  more  efficient  at  the  higher  rotor  thrust  lev¬ 
els.  The  other  tapered-planform  rotors  did  not  show  Mz 
the  expected  improvement  over  the  baseline  rotor*  R 
and  all  configurations  had  a  similar  performance  for\ 
low  thrust  coefficients.  None  of  the  analytical  meth-  \  r 
ods  correlated  well  with  the  experimental  data.  r 

i „  x,y,z 

Introduction  Arty* 

"Ccrf  £AjzM.~  £/>  r 

Many  studies  hav^/been  conducted  tjcf  determine  " 

the  optimum  rotor-blade  tip  shape  to  increase  both  ^ 

hover  and  forward  flight  performance,  as  well  as  to  ^ 

reduce  rotor  noise.  Typical  tip  shapes  that  have  Abbre1 

been  investigated  are  rectangular,  trapezoidal,  ta-  uavfr 

pered,  swept-tapered,  and  ogee.  (See,  for  example,  '  '  ’  '  1 
refs.  1-9.)  The  U.S.  Army  Aerostructures  Direc-  LSAF 
torate  at  the  NASA  Langley  Research  Center  has 
been  investigating  the  performance  of  tapered  rotor 
blades  for  several  years  (refs.  10-13).  The  purpose  of  RGMX 
the  present  investigation  was  io  isolate  the  effect  of 
the  radial  position  of  taper  initiation  on  the  hovering 
performance  of  a  rotor.  ROBIF 

A  hover  study  has  been  conducted  using  three  ta-  rjc 

pered  rotor  systems  and  a  baseline  rectangular  rotor  oa/irt” 

system.  The  tapered-blade  planforms  had  taper  ini-  Mnl. 

tiating  at  50,  75,  and  94  percent  of  the  blade  radius  ^  , 
with  a  taper  ratio  of  3  to  1  for  each  blade  set.  The  0  € 

75-percent  taper-initiation  planform  was  an  existing  Th( 

rotor  set,  and  the  50-percent  taper-initiation  plan-  cell  (R 

form  was  chosen  as  the  most  inboard  location  based  Tunnel 

on  the  experimental  results  in  reference  11.  The  po-  high  b; 

sition  of  the  94-percent  taper  initiation  was  chosen  link  fei 

based  on  analytical  predictions  of  improvements  in  for  the 

forward  flight  performance  with  taper  initiation  in  in  hovi 

the  blade  tip  region.  The  rotors  had  identical  twist  can  be 

and  thrust-weighted  solidity,  and  they  were  tested  of  air 
over  a  range  of  thrust  coefficients.  The  experimen-  measui 
tal  data  were  compared  with  the  hover  performance  locatec 
predictions  of  three  analytical  methods.  One  of  the  RTC  < 

methods  used  a  momentum  blade-element  analysis,  mounti 

whereas  the  other  two  methods  used  a  free-wake  The 

lifting-surface  method.  the  2- 


The  data  in  this  report  were  measured  in  U.S. 
Customary  Units  and  are  referenced  to  the  shaft  axis 
system  shown  in  figure  1. 


Cq  rotor  torque  coefficient, 

Mz/prrR3(ilR)2 

Cr  rotor  thrust  coefficient,  T / prcR2(£lR)2 

D  rotor  drag  force,  lbf 

FM  rotor  figure  of  merit,  Cj!2/Cq\/2 

L  rotor  lift  force,  lbf 

Mz  rotor  torque,  ft-lbf 

R  rotor  radius,  ft 

r  radial  distance  along  blade,  ft 

T  rotor  thrust,  ( L 2  +  D2  +  F2)1/2,  lbf 

x,  y,  z  Cartesian  coordinates  (see  fig.  1) 

Y ^  rotor  side  force,  lbf 

atmospheric  density  of  air,  slugs/ft3 

ft  rotor  rotational  speed,  rad/sec 

Abbreviations  and  acronyms: 

HOVER  lifting-surface  hover-performance  code 

LSAF  Lifting-Surface  Aerodynamics  and 

Performance  Analysis  of  Rotors  in 
Axial  Flight 

RGMX  position  of  maximum  circulation  input 
into  HOVER  analysis 

ROBIN  generic  fuselage  shell 


ROBIN 


rotor  test  cell 


2MRTS  2-meter  rotor  test  system 


Model  and  Test  Description 

The  test  program  was  conducted  in  the  rotor  test 
cell  (RTC)  at  the  Langley  14-  by  22-Foot  Subsonic 
Tunnel.  The  RTC  is  a  high-bay  area  that  is  69  ft 
high  by  42  ft  wide  by  48  ft  long  with  a  steel  chain 
link  fence  around  the  walls;  it  is  arranged  specifically 
for  the  buildup  and  testing  of  powered  rotor  models 
in  hover.  Two  walls  of  the  RTC  have  louvers  that 
can  be  opened  to  alleviate  some  of  the  recirculation 
of  air  from  the  hovering  rotor.  The  density  was 
measured  locally  in  the  RTC.  The  rotor  hub  was 
located  1.74  rotor  diameters  above  the  floor  of  the 
RTC  on  a  post  mount.  The  model  is  pictured 
mounted  for  testing  in  the  RTC  in  figure  2. 

The  model  system  used  for  this  experiment  was 
the  2-meter  rotor  test  system  (2MRTS)  with  a 
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generic  fuselage  shell  (ROBIN).  The  ROBIN  fuselage 
shape  is  described  in  reference  14.  The  2MRTS  is 
documented  in  reference  15,  and  only  a  brief  descrip¬ 
tion  will  be  given  here. 

The  2MRTS  is  a  drive  system  .that  consists  of  a 
29-hp  electric  motor,  a  90°  two-stage  transmission 
with  a  4-to-l  gear  reduction  ratio,  and  a  four-bladed 
rotor  hub.  (See  fig.  2.)  The  hub  is  fully  articulated 
with  coincident  flap  and  lag  hinges. 

Forces  and  moments  are  measured  separately  on 
the  rotor  and  fuselage  by  two  six-component,  strain 
gauge  balances.  Other  instrumentation  of  the  system 
includes  three  strain  gauges  on  the  rotor  blades  to 
measure  bending  moments,  potentiometers  to  mea¬ 
sure  flapping  and  lead-lag  motion,  a  digital  rotational 
speed  (rpm)  encoder,  and  thermocouples  to  monitor 
critical  temperatures. 

The  four  blade  sets  used  in  this  investigation  are 
shown  in  figure  3.  As  mentioned  before,  three  of 
the  blade  sets  had  a  tapered  planform,  whereas  the 
fourth  blade  set  was  a  baseline  rectangular-planform 
rotor.  The  taper  ratio  for  each  set  of  tapered  blades 
was  3  to  1;  the  difference  among  the  blades  was  the 
radial  position  of  the  start  of  the  taper.  The  position 
of  the  initiation  of  the  taper  was  50  percent  radius  for 
the  first  blade  set,  75  percent  radius  for  the  second 
blade  set,  and  94  percent  radius  for  the  third  blade 
set.  All  four  blades  had  a  2.708-ft  radius,  —13°  of 
linear  twist,  and  a  thrust-weighted  solidity  of  0.0977, 
and  they  used  advanced  rotorcraft  airfoil  sections. 

The  airfoil  sections  were  developed  by  researchers 
of  the  U.S.  Army  Aerostructures  Directorate  at 
the  NASA  Langley  Research  Center  specifically 
for  rotorcraft  applications.  The  airfoils  used  for 
this  investigation  were  the  advanced  rotorcraft  air¬ 
foils  RC(4)-10,  RC(3)-10,  and  RC(3)-08.  In  the 
RC(x)-xx  format,  the  “RC”  designates  a  rotorcraft 
airfoil,  the  “(x)”  indicates  the  sequential  number, 
and  the  “-xx”  provides  the  thickness  in  percent  of 
chord.  The  RC(3)-10  and  RC(3)-08  airfoils  are  doc¬ 
umented  in  reference  16.  They  were  shown  to  have 
high  drag-divergence  Mach  numbers  and  low  pitching 
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moments,  but  average  high-lift  characteristics.  The 
RC(4)-10  airfoil  (ref.  17)  proved  to  have  good  high- 
lift  capability,  but  the  two-dimensional  wind-tunnel 
test  results  have  not  been  published  at  this  time.  The 
radial  distribution  of  the  airfoils  along  each  rotor- 
blade  set  is  shown  in  figure  3.  The  airfoil  profiles  are 
shown  in  sketch  A  and  the  coordinates  are  given  in 
tables  I— III  for  each  of  the  airfoils. 

The  rotor  blades  were  constructed  using  a 
graphite-epoxy  D-spar  with  tungsten  leading-edge 
weights  and  a  balsa  wood  trailing  edge.  All  the 
blade  sets  were  very  stiff  as  there  was  no  attempt 
to  match  the  aeroelastic  characteristics  of  full-scale 
rotor  blades.  Smooth  transitions  were  accomplished 
between  the  different  airfoil  sections  over  5  percent 
of  the  blade  radius. 

The  test  procedure  was  as  follows:  the  rotor  rpm 
was  established,  a  collective  blade  angle  was  input, 
and  the  shaft  angle  was  set  to  zero.  The  flapping  of 
the  rotor  blades  was  monitored  and  was  maintained 
less  than  0.01°.  After  the  data  had  been  collected  for 
a  given  condition,  the  collective  angle  was  increased 
and  the  procedure  was  repeated.  The  upper  limit  of 
the  thrust  sweep  was  determined  by  the  motor  power 
and  temperature  limits.  Thrust  sweeps  were  made  at 
2500  rpm  for  a  range  of  thrust  coefficients  Ct  from  0 
to  approximately  0.010  for  each  set  of  rotor  blades. 

The  data  were  acquired  through  a  static  data  ac¬ 
quisition  system  that  sampled  the  data.  Four  hun¬ 
dred  data  measurements  were  acquired  in  8  sec  for 
each  data  point  presented.  Each  thrust  sweep  was  re¬ 
peated  in  order  that  some  measure  of  the  data  accu¬ 
racy  and  scatter  could  be  determined.  One  condition 
was  tested  on  two  different  days  in  order  to  ensure 
that  daily  variances  in  temperature,  humidity,  and 
pressure  were  being  properly  corrected.  The  ambi¬ 
ent  winds  in  the  RTC  were  measured  daily,  and  data 
were  acquired  only  when  the  wind  conditions  were 
less  than  1  knot.  The  precision  of  the  data  measure¬ 
ments  is  estimated  from  the  repeatability  tests  to  be 
±7.3  x  10-5  in  thrust  coefficient  Cj  and  ±5.0  x  10-6 


RC(3)-10 


RC(3)-08 


Sketch  A 
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in  torque  coefficient  Cq.  The  uncertainty  in  rotor 
figure  of  merit  (FM)  is  calculated  by  the  method  of 
reference  18  to  be  ±0.011. 

Description  of  Analytical  Methods 

The  selection  of  the  hover  analytical  methods 
used  for  this  investigation  was  based  on  the  expe¬ 
rience  with  hover-performance  codes  in  references  19 
and  20.  It  was  found  in  reference  20  that  a  simple 
momentum  blade-element  theoretical  analysis  and 
a  lifting-surface  method  were  capable  of  predicting 
the  trend  in  hover  performance  due  to  advanced  air¬ 
foils,  whereas  a  second  lifting-surface  method  was  un¬ 
able  to  converge  to  a  solution  for  the  tapered  rotor 
blades  used  for  that  study.  However,  since  that  study 
was  conducted,  the  second  lifting-surface  method  has 
undergone  several  improvements.  Therefore,  it  was 
decided  to  use  these  three  analyses  again  to  as¬ 
sess  their  ability  to  predict  the  effect  of  planform 
variation. 

The  momentum  blade-element  analysis  used  for 
this  investigation  is  a  code  based  on  the  equations 
developed  in  reference  21.  The  rotor  disk  is  treated 
as  an  actuator  disk  consisting  of  concentric  annular 
rings.  Expressions  for  the  differential  thrust  on  each 
ring  are  obtained  from  both  momentum  and  blade- 
element  theories.  Equating  these  expressions  leads  to 
a  general  equation  for  the  induced  velocity  that  varies 
with  local  chord  and  twist.  The  induced  velocity  is 
used  to  obtain  the  local  angle  of  attack  and  Mach 
number.  The  blade  air  loads  are  obtained  from  two- 
dimensional  airfoil  tables.  The  total  rotor  forces  and 
torque  are  determined  by  integrating  the  segment 
forces  over  the  rotor  blade. 

The  second  analytical  method  used  in  this  in¬ 
vestigation  was  the  lifting-surface  hover-performance 
code  (HOVER),  which  is  documented  in  reference  22. 
The  rotor  blades  are  modeled  using  a  vortex-lattice 
panel  distribution,  whereas  the  wake  is  represented 
by  discrete  vortex  segments.  The  rotor  wake  geom¬ 
etry  is  determined  through  iteration.  The  first  iter¬ 
ation  consists  of  establishing  a  wake  geometry  from 
a  set  of  prescribed-wake  equations  and  matching  the 
circulation  solution  of  the  rotor  blades.  In  the  second 
iteration,  the  rotor  wake  is  allowed  to  distort  as  a  free 
wake  from  the  generalized  wake  solution  in  response 
to  the  induced  velocities  from  the  rotor  blades  and 
from  self-induced  velocities  in  the  wake  itself.  After 
a  wake  geometry  has  been  determined,  HOVER  cal¬ 
culates  the  circulation  induced  by  the  wake  at  the 
rotor-blade  surface  through  use  of  the  Biot-Savart 
law.  Once  the  circulation  is  known,  the  lift  can  be 
calculated  from  the  Kutta-Joukowski  law.  The  drag 
is  calculated  by  combining  the  induced  drag  with  the 
airfoil  profile  drag  from  two-dimensional  airfoil  data. 


The  rotor  torque  is  calculated  from  the  integrated 
rotor-blade  drag.  There  is  no  model  for  airfoil  stall 
or  separation  in  HOVER.  Compressibility  effects  on 
lift  are  calculated  using  a  Prandtl-Glauert  correction, 
whereas  the  effects  on  drag  are  assumed  to  be  con¬ 
tained  in  the  two-dimensional-airfoil  data  tables. 

The  third  analytical  method  used  in  this  in¬ 
vestigation  was  the  Lifting-Surface  Aerodynamics 
and  Performance  Analysis  of  Rotors  in  Axial  Flight 
(LSAF),  which  is  discussed  in  references  23  and  24. 
The  rotor  blades  and  wake  were  represented  as  vortex 
boxes  or  lattices.  The  version  of  LSAF  that  was  used 
for  this  study  incorporated  a  velocity-coupled  wake 
model  into  the  program  in  addition  to  the  prescribed 
wake  model  discussed  in  reference  24.  It  was  shown 
in  reference  20  that  LSAF  had  difficulty  converging 
to  a  solution.  However,  since  that  time  the  program 
has  been  upgraded,  and  this  newer  version  of  the  pro¬ 
gram  (version  1.08)  incorporated  changes  to  improve 
the  convergence  of  the  solution  to  a  requested  rotor 
thrust  value.  The  calculations  for  the  rotor  perfor¬ 
mance  are  similar  to  those  used  in  HOVER;  i.e.,  the 
lift  and  induced  drag  are  calculated  using  the  circu¬ 
lation  distribution,  and  the  profile  drag  and  torque 
calculations  rely  on  two-dimensional  airfoil  data. 

Presentation  of  Results 

The  experimental  data  are  presented  in  tabular 
and  graphical  format.  The  values  of  thrust  coeffi¬ 
cient  Ct ,  torque  coefficient  Cq,  and  figure  of  merit 
FM  for  the  baseline  (rectangular)  and  tapered  rotor 
blades  can  be  found  in  tables  IV- VII.  The  analyti¬ 
cal  comparisons  to  the  experimental  data  are  shown 
graphically.  The  presentations  are  made  using  the 
following  figures: 

Figure 


Comparison  of  basic  aerodynamic 

characteristics  of  rotors . 4 

Comparison  of  tapered  rotors 

at  same  tip  Reynolds  number  . 5 

Comparison  of  trend  predicted 

by  analyses  . 6 

Comparison  of  three  prediction 
methods  with  experimental  data . 7 


Comparison  of  predictions  for  several  values 
of  twist  for  75-percent  tapered  rotor  ....  8 

Results  and  Discussion 

Experimental  Results 

The  results  of  the  experiment  are  shown  in  fig¬ 
ure  4  as  plots  of  figure  of  merit  and  torque  coeffi¬ 
cient  versus  thrust  coefficient.  The  data  are  also  pre¬ 
sented  in  tables  IV- VII.  Figure  of  merit  is  a  rotor 
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efficiency  term  that  expresses  the  ratio  of  the  ideal 
power  required  for  hover  to  the  actual  power  required 
for  hover. 

Figure  4  shows  that  the  data  for  the  four  rotor 
blades  were  very  similar  at  thrust. coefficients  below 
0.005.  However,  for  the  higher  thrust  coefficients, 
the  94-percent  tapered  blade  appeared  to  have  an 
advantage  in  efficiency.  The  data  show  that  the 
94-percent  tapered  blade  produced  approximately 
6  percent  greater  FM  at  Cj  =  0.008.  Surprisingly, 
there  were  essentially  no  differences  in  the  data  for 
the  75-percent  and  50-percent  tapered  planforms. 
They  exhibited  the  same  characteristics  as  the  base¬ 
line  rectangular  blade  until  Cp  =  0.0088,  at  which 
point  the  tapered  planforms  experienced  a  decrease 
in  FM.  All  the  rotor  blades  produced  a  maximum  FM 
over  a  range  of  Cj  from  0.0068  to  0.0088.  This  flat 
maximum  region  on  the  FM  curve  was  similar  to  that 
seen  in  the  data  in  reference  20,  which  was  attributed 
to  the  characteristics  of  the  advanced  rotorcraft  air¬ 
foil  sections.  Torque  coefficient  is  also  plotted  against 
Cx  in  figure  4  for  the  four  blade  planforms  to  provide 
an  indication  of  the  power  required  by  the  rotor  for 
the  different  configurations. 

The  data  in  figure  4  show  trends  in  hover  perfor¬ 
mance  that  were  unexpected  based  on  other  experi¬ 
mental  data  in  references  11  and  19.  In  those  studies, 
the  tapered-planform  rotors  showed  improved  per¬ 
formance  over  the  baseline  rotors,  especially  at  low 
thrust  coefficients.  However,  the  comparison  between 
these  data  and  those  in  references  11  and  19  cannot 
be  made  directly  because  of  the  differences  in  the  con¬ 
figurations  of  the  tapered-planform  rotors.  In  refer¬ 
ence  11,  the  two-bladed  tapered-planform  rotor  had 
a  2-to-l  taper  ratio  initiating  at  50  percent  radius 
and  -14°  of  linear  twist.  The  four-bladed  tapered 
rotors  in  reference  19  had  3-to-l  and  5-to-l  taper  ra¬ 
tios  initiating  at  80  percent  radius;  the  rotors  had 
-16°  of  linear  twist  and  used  an  NACA  0012  airfoil 
section.  Despite  these  differences,  some  improvement 
over  the  baseline  blade  was  expected  from  all  the  ta¬ 
pered  rotors  used  in  the  present  investigation. 

However,  in  reference  25,  a  parametric  study  was 
conducted  for  a  hovering  rotor  that  included  tapered- 
planform  effects.  In  that  study,  the  number  of 
blades  was  varied  for  an  untwisted  0012  rotor  with  a 
2-to-l  taper-ratio  planform.  It  was  shown  that  the 
greatest  improvement  in  performance  due  to  taper 
occurred  on  the  two-bladed  rotor.  The  improvement 
decreased  as  the  number  of  blades  increased  from  two 
to  four.  Since  the  present  investigation  used  a  four- 
bladed  rotor  system,  the  performance  of  the  tapered- 
planform  rotors  was  probably  adversely  affected. 

It  was  initially  thought  that  the  difference  in 
twist  between  the  rotors  of  this  test  and  those  in 


references  11  and  19  might  have  been  the  reason  that 
the  tapered  rotors  in  this  test  showed  little  difference 
from  the  baseline  rotor.  An  attempt  to  assess  the 
effect  of  twist  on  the  rotor  performance  analytically 
was  conducted  and  is  discussed  in  the  next  section. 

In  order  for  all  tapered  rotor-blade  sets  to  have 
the  same  thrust-weighted  solidity,  the  inboard  and 
tip  chords  of  the  blades  had  to  vary.  This  varia¬ 
tion  produced  a  change  in  the  tip  Reynolds  number 
among  the  blades  since  the  blades  were  all  tested 
at  the  same  rotor  tip  speed.  To  investigate  the  ef¬ 
fect  of  the  varying  tip  Reynolds  number,  the  tapered 
rotors  were  also  tested  at  rotor  tip  speeds  that  gen¬ 
erated  approximately  the  same  tip  Reynolds  number 
for  each  blade  set  (332  562).  The  rectangular  blades 
were  not  tested  at  a  reduced  tip  speed  because  the 
fiberglass  skin  on  one  of  the  blades  delaminated  after 
the  full  tip  speed  runs.  It  was  shown  in  reference  20 
that  for  the  rotor  blades  with  advanced  rotorcraft  air¬ 
foils,  changing  the  tip  Mach  number  produced  little 
change  in  the  performance  of  the  rotor.  The  results 
are  shown  in  figure  5  for  the  three  tapered  blades. 
There  was  very  little  change  in  the  performance  char¬ 
acteristics  from  those  that  were  shown  in  figure  4,  an 
indication  that  the  variation  in  tip  Reynolds  number 
among  the  three  tapered  rotors  had  little  effect  on 
the  performance  data. 

Analytical  Results 

The  prediction  of  performance  by  analytical 
methods  can  be  used  for  several  different  purposes. 
For  example,  a  rotor  designer  needs  an  analysis  that 
will  predict  the  correct  trends  in  performance  for  a 
systematic  parametric  study.  Another  use  for  the 
analyses  is  to  predict  the  level  of  performance  that 
would  be  expected  for  a  given  rotor  Figure  6  shows 
the  ability  of  several  analytical  methods  to  predict 
performance  trends,  whereas  figure  7  compares  the 
ability  of  the  analytical  methods  to  predict  perfor¬ 
mance  levels.  In  all  cases,  a  tension  spline  was  ap¬ 
plied  to  the  analytical  predictions  to  produce  the 
curves  shown  in  the  figures,  and  airfoil  data  obtained 
at  full-scale  Reynolds  numbers  were  used  to  make  the 
predictions. 

Figure  6  shows  the  predictions  of  the  three  an¬ 
alytical  methods  for  the  four  rotor-blade  configura¬ 
tions.  None  of  the  analyses  predict  the  trend  that 
was  seen  in  the  experimental  data  where  there  was 
little  difference  in  the  performance  over  most  of  the 
thrust  range.  The  momentum  method,  and  HOVER 
method  as  well,  predict  an  increase  in  FM  for  all  the 
tapered  configurations  over  the  baseline  rectangular 
blade.  The  LSAF  method  predicts  that  the  rectan¬ 
gular  planform  will  have  the  highest  efficiency,  which 
does  not  agree  with  either  the  experimental  data  or 
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the  other  two  analytical  programs.  It  is  clear  from 
figure  6(c)  that  LSAF,  despite  the  improvements  to 
the  program,  is  not  able  to  converge  to  a  steady-wake 
solution  for  the  tapered-blade  configurations.  The 
LSAF  predictions  appear  to  worsen  with  the  amount 
of  taper  of  the  configuration. 

A  comparison  of  the  experimental  data  with  the 
prediction  methods  is  shown  in  figure  7.  The  mo¬ 
mentum  analytical  method  consistently  predicted 
higher-than-measured  efficiency.  It  may  have  pre¬ 
dicted  greater  FM  than  the  experimental  data  be¬ 
cause  full-scale  Reynolds  number  airfoil  data  were 
used  in  the  prediction.  However,  if  the  airfoil  data 
were  the  only  cause  of  the  high  prediction  by  the 
momentum  method,  the  trends  shown  in  figure  6(a) 
would  have  been  correct.  Both  LSAF  and  HOVER 
made  use  of  vortex  wake  models  to  compute  rotor 
inflow.  The  solution  depended  heavily  on  an  ac¬ 
curate  wake-geometry  representation.  The  LSAF 
predictions  clearly  reflected  an  inconsistently  or  in¬ 
sufficiently  converged  wake-geometry  solution,  thus 
leading  to  the  highly  nonlinear  variation  in  FM  with 
Cj.  The  HOVER  solution  also  showed  some  slight 
nonlinearity  in  the  FM  versus  Cp  prediction. 

The  HOVER  analytical  predictions  match  the  ex¬ 
perimental  data  most  closely  for  the  75-percent  ta¬ 
pered  rotor.  For  the  other  configurations,  HOVER 
predicts  less-than- measured  performance.  It  is 
known  from  a  previous  study  (ref.  20)  that  the 
HOVER  predictions  can  be  changed  significantly  by 
the  user’s  choice  of  input,  especially  in  the  selection 
of  the  position  of  maximum  circulation  (RGMX).  In 
the  present  study,  no  attempt  was  made  to  manip¬ 
ulate  the  HOVER  output  to  match  the  experimen¬ 
tal  data.  Rather,  a  systematic  set  of  input  guide¬ 
lines  for  RGMX  were  used  for  all  the  HOVER  rotor 
configurations.  These  guidelines  were  based  on  the 
method  used  in  reference  20,  where  the  selection  of 
RGMX  was  directed  by  the  calculations  of  the  mo¬ 
mentum  analysis.  Since  this  method  did  not  result  in 
good  correlation  with  the  experimental  data,  further 
work  will  be  required  to  establish  input  guidelines  for 
RGMX  in  the  HOVER  program. 

As  was  mentioned  earlier,  these  experimental 
data  did  not  follow  the  performance  trends  shown 
in  previous  work  (refs.  11  and  19).  Since  these  rotor 
blades  have  less  twist  than  the  earlier  configurations, 
the  analytical  methods  were  used  to  determine  the 
effect  of  twist  on  the  rotor  hover  performance.  The 
results  are  shown  in  figure  8,  where  it  can  be  seen  that 
none  of  the  analytical  methods  predicted  significant 
changes  in  the  rotor  performance  because  of  twist 
changes.  These  results  are  shown  for  the  75-percent 
tapered  rotor;  the  results  for  the  other  configurations 
were  similar.  Since  the  analytical  methods  were  not 


sensitive  to  large  changes  in  twist,  they  could  not  be 
used  to  determine  whether  the  differences  between 
these  data  and  previous  data  (refs.  11  and  19)  were 
due  to  the  effect  of  twist. 

Summary  of  Results 

A  hover  test  was  conducted  on  a  small-scale  model 
using  three  tapered  rotor  systems  and  a  baseline 
rectangular-planform  rotor  system.  The  tapered- 
blade  planforms  had  taper  initiating  at  50,  75,  and 
94  percent  of  the  blade  radius  with  a  taper  ratio  of  3 
to  1  for  each  blade  set.  The  rotors  had  identical  twist, 
airfoils,  and  thrust-weighted  solidity.  The  blades 
were  tested  over  a  range  of  thrust  coefficients,  and  the 
resulting  data  were  compared  with  the  predictions  of 
three  analytical  methods.  The  analyses  used  were 
a  simple  momentum  blade-element  analysis  and  two 
free-wake,  lifting-surface  hover-performance  analyses 
(HOVER  and  LSAF).  The  results  of  the  investigation 
are  summarized  as  follows: 

1.  The  experimental  data  show  that  the 
94-percent  tapered  rotor  is  slightly  more  efficient  at 
the  higher  thrust  coefficients  than  the  other  tapered 
configurations  and  the  baseline  rectangular  rotor. 

2.  The  other  tapered-planform  rotors  did  not 
show  the  expected  improvement  over  the  baseline  ro¬ 
tor,  and  all  configurations  had  a  similar  performance 
for  low  thrust  coefficients. 

3.  The  experimental  data  for  the  tapered  config¬ 
urations  do  not  show  a  significant  sensitivity  to  tip 
Reynolds  number. 

4.  None  of  the  three  analytical  methods  used  in 
this  investigation  showed  good  agreement  with  the 
experimental  data,  either  in  predicting  the  trend 
seen  in  the  experimental  data  or  in  the  level  of 
performance  that  was  measured. 

NASA  Langley  Research  Center 
Hampton,  VA  23665-5225 
September  19,  1989 
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Table  I.  Airfoil  Coordinates  for  RC(4)-10 
[Stations  and  ordinates  given  in  fraction  of  airfoil  chord] 


Station 

Lower  surface 

1.000000 

0.000203 

.975148 

-.003160 

.950227 

-.005728 

.925298 

.900374 

.875421 

-.012443 

.850386 

-.014420 

.825282 

-.016215 

.800114 

-.017818 

.774866 

.749797 

.724840 

.699792 

.674849 

.649997 

.625136 

.600297 

.575437 

.550567 

.525714 

.500894 

.476002 

.451451 

.426974 

.402303 

.377696 

.352929 

.303398 

■  1 

.254059 

■ 

.229490 

.204930 

1 

.180495 

.156116 

■ 

.132051 

.108242 

■ 

.084979 

.061865 

-.028199 

1 

■ 

1 

.004687 

Station 

Upper  surface 

0.000000 

-0.005726 

.002864 

.004313 

.009072 

.013175 

.023543 

.025980 

.047036 

.038875 

.073686 

.047953 

.100188 

.053673 

.126143 

.057324 

.151842 

.059790 

.177227 

.061579 

.202556 

.062995 

.227760 

064163 

.252956 

.065143 

.303145 

.066614 

.353142 

.067381 

.378140 

.067422 

.403297 

.067163 

.428390 

.066543 

.453678 

.065499 

.478891 

.064013 

.503763 

.062129 

.528707 

.059876 

.553618 

.057324 

.578512 

.054510 

.603417 

.051447 

.628341 

.048144 

.653244 

.044621 

.678157 

.040912 

.702978 

.037093 

.727694 

.033251 

.752502 

.029451 

.777197 

.025808 

.801713 

.022378 

.826309 

.019139 

.850970 

.016086 

.875699 

.013211 

.900509 

.010514 

.925350 

.008012 

.950185 

.005722 

.975028 

.003652 

1.000000 

.001785 

Table  II.  Airfoil  Coordinates  for  RC(3)-10 
[Stations  and  ordinates  given  in  fraction  of  airfoil  chord] 


Station 

Upper  surface 

0.00000 

0.00000 

.00310 

.00906 

.01090 

.01700 

.02403 

.02462 

.04214 

.03193 

.06347 

.03854 

.08724 

.11305 

I 

.14075 

.05376 

.17023 

.05748 

.20137 

.23402 

.26807 

.06474 

.30343 

.06596 

.33995 

.06661 

.37733 

.41524 

.45336 

1 

.49148 

.52949 

.56746 

.05909 

.60547 

.05593 

.64378 

.05220 

.68276 

.04787 

.72232 

.04296 

.76185 

.03758 

.80002 

.83623 

.87082 

.90409 

.93631 

.01052 

.96828 

It 

1.00000 

Station 

Lower  surface 

1.00000 

-0.00020 

.96828 

-.00633 

.93631 

-.01171 

.90409 

-.01594 

.87082 

-.01959 

.83623 

-.02272 

.80002 

-.02536 

.76185 

-.02758 

.72232 

-.02939 

.68276 

-.03079 

.64378 

-.03184 

.60547 

-.03260 

.56746 

-.03313 

.52949 

-.03346 

.49148 

-.03360 

.45336 

-.03357 

.41524 

-.03337 

.37733 

-.03301 

.33995 

-.03249 

.30343 

-.03184 

.26807 

-.03107 

.23402 

-.03020 

.20137 

-.02923 

.17023 

-.02817 

.14075 

-.02696 

.11305 

-.02561 

.08724 

-.02400 

.06347 

-.02203 

.04214 

-.01950 

.02403 

-.01619 

.01090 

-.01230 

.00310 

-.00765 
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Table  III.  Airfoil  Coordinates  for  RC(3)-08 
[Stations  and  ordinates  given  in  fraction  of  airfoil  chord] 


Station 

Lower  surface 

1.00000 

.96782 

jftfcsk  'fx  J!' 

.93543 

.90280 

.86927 

-.01599 

.83457 

-.01867 

.79842 

.76057 

.72150 

-.02469 

.68238 

.64367 

-.02713 

.60553 

-.02796 

.56766 

-.02858 

.52983 

.49199 

-.02929 

.45404 

-.02939 

.41612 

-.02934 

.37840 

-.02913 

.34121 

.30484 

.26959 

.23560 

.20298 

-.02609 

.17186 

.14239 

-.02403 

.11471 

-.02278 

.08889 

.06508 

-.01951 

.04369 

-.01729 

.02534 

.01170 

.00314 

Station 


Upper  surface 


0.00000 

0.00000 

.00314 

.00671 

.01170 

.01312 

.02534 

.01900 

.04369 

.02455 

.06508 

.02952 

.08889 

.03389 

.11471 

.14239 

.17186 

.20298 

.23560 

■ 

.26959 

.04928 

.30484 

.05023 

.34121 

.05075 

.37840 

.05087 

.41612 

.45404 

.04986 

.49199 

.04876 

.52983 

.04725 

.56766 

.04533 

.60553 

.04300 

.64367 

.04024 

.68238 

.03704 

.72150 

.03342 

.76057 

.79842 

1 

.83457 

.02107 

.86927 

.01686 

.90280 

.01271 

.93543 

■ 

.96782 

1.00000 

1  '  " 

Table  IV.  Experimental  Data  for 
Rectangular-Planform  Rotor 


Table  V.  Experimental  Data  for 
94-Percent  Tapered  Rotor 


Cj< 

FM 

Cq 

0.00227 

0.367 

0.000208 

.00232 

.375 

.000210 

■ 

.383 

.000210 

I 

.464 

.000244 

1 

.477 

.000246 

.489 

.000242 

.554 

.000292 

.569 

.000299 

1 

.588 

.000292 

.635 

.000355 

1 

.633 

.000357 

.643 

.000374 

.666 

.000388 

.00569 

.679 

.000446 

.690 

.000440 

.00588 

.692 

.000461 

§|*|M  ti 

.681 

.000504 

1 

.695 

.000500 

.706 

.000501 

.707 

.000546 

.705 

.000557 

1 

.724 

.000554 

.720 

.000615 

.00794 

.744 

.000672 

.00801 

.733 

.000691 

.00848 

.728 

.000757 

.00850 

.737 

.000751 

.00907 

.720 

.000848 

.00915 

.725 

.000854 

Cf 

FM 

0.00192 

0.320 

0.000186 

.00199 

.337 

.000187 

.00259 

.429 

.000217 

.00270 

.453 

.000219 

.00333 

.520 

.000261 

.00410 

.571 

.000325 

.00417 

.587 

.000324 

.00497 

.633 

.000391 

.00501 

.637 

.000393 

.00510 

.643 

.000401 

.00614 

.672 

.000506 

.00618 

.688 

.000499 

.00656 

.682 

.000551 

.00671 

.688 

.000564 

.00721 

.699 

.000619 

.00726 

.704 

.000621 

.00780 

.701 

.000694 

.00798 

.715 

.000704 

.00834 

.701 

.000767 

.00839 

.716 

.000759 

.00880 

.714 

.000816 

.01058 

.720 

.001067 
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Table  VI.  Experimental  Data  for 
75-Percent  Tapered  Rotor 


Table  VII.  Experimental  Data  for 
50-Percent  Tapered  Rotor 


C]’ 

FM 

Cq 

0.00198 

0.328 

0.000189 

.00200 

.328 

.000192 

.00208 

.345 

.000193 

.00265 

.422 

.000228 

.00267 

.438 

.000223 

.00269 

.434 

.000227 

.00343 

.517 

.000274 

.00349 

.516 

.000282 

.00362 

.542 

.000283 

.00432 

.589 

.000340 

.00433 

.598 

.000337 

.00441 

.595 

.000348 

.00517 

.635 

.000413 

.00535 

.657 

.000421 

.00535 

.648 

.000427 

.00573 

.661 

.000464 

.00621 

.690 

.000501 

.00635 

.692 

.000517 

.00637 

.693 

.000518 

.00679 

.707 

.000559 

.00689 

.703 

.000574 

.00726 

.716 

.000611 

.00734 

.704 

.000631 
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Figure  1.  Axis  system  used  for  presentation  of  data.  Arrows  denote  positive  directions  of  forces,  moments,  and 
axes. 
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L-87-28% 


(a)  Model  mounted  for  testing. 

Figure  2.  Photograph  of  test  configuration  in  rotor  test  cell. 


(b)  Cutaway  view  of  2MRTS. 
Figure  2.  Concluded. 
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(a)  Photograph  of  four  blade  planfonns. 
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(b)  Description  of  planform  and  airfoil  distribution. 
Figure  3.  Description  of  rotor  blades. 


Figure  4.  Comparison  of  basic  aerodynamic  characteristics  of  rotors. 
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Figure  5.  Comparison  of  tapered  rotors  at  a  tip  Reynolds  number  of  332  562. 


Configuration 

Rectangular 
Taper  at  r/R  =  0.94 
Taper  at  r/R  =  0.75 
Taper  at  r/R  =  0.50 


(a)  Momentum  analytical  method. 
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(b)  HOVER  analytical  method. 
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Figure  6.  Comparison  of  trends  predicted  by  analyses. 


Figure  6.  Concluded. 


Figure  7.  Concluded. 
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Figure  8.  Comparison  of  prediction  methods  for  several  values  of  twist  for  taper  at  r/R  =  0.75. 
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Figure  8.  Concluded. 
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